



















Large-angle production ofcharged pions by
3 G eV =c{12.9 G eV =c protons on beryllium ,




M easurem ents ofthe double-dierential

production cross-section in the range ofm om entum
100 M eV=c  p < 800 M eV=c and angle 0:35 rad   < 2:15 rad in proton{beryllium , proton{
alum inium and proton{lead collisions are presented. The data were taken with the HARP detector
in the T9 beam line of the CERN PS.The pions were produced by proton beam s in a m om en-
tum range from 3 G eV=c to 12.9 G eV=c hitting a target with a thickness of5% ofa nuclear in-
teraction length. The tracking and identication ofthe produced particles was perform ed using a
sm all-radius cylindricaltim e projection cham ber (TPC) placed inside a solenoidalm agnet. Inci-
dentparticleswereidentied by an elaborate system ofbeam detectors.Resultsareobtained forthe
double-dierentialcross-sectionsd2=dpd atsix incidentproton beam m om enta (3G eV=c,5 G eV=c,
8 G eV=c,8.9 G eV=c (Be only),12 G eV=c and 12.9 G eV=c (Alonly)) and com pared to previously
available data.









R utherford A ppleton Laboratory,C hilton,D idcot,U K
C.G oling




Joint Institute for N uclear R esearch,JIN R D ubna,R ussia
E.D iCapua,G .Vidal{Sitjes
4
U niversita degliStudie Sezione IN FN ,Ferrara,Italy
A.Artam onov
5







A.K ayis-Topaksu9,J.Panm an,I.Papadopoulos,E.Tcherniaev,I.Tsukerm an5,R.Veenhof,C.W iebusch10,
P.Zucchelli
6;11
C ER N ,G eneva,Sw itzerland
A.Blondel,S.Borghi12,M .C.M orone13,G .Prior14,R.Schroeter
Section de P hysique,U niversite de G eneve,Sw itzerland
C.M eurer
Institut fur P hysik,Forschungszentrum K arlsruhe,G erm any
U.G astaldi
LaboratoriN azionalidiLegnaro dell’IN FN ,Legnaro,Italy
G .B.M ills15




Institut de P hysique N ucleaire,U C L,Louvain-la-N euve,B elgium
M .Bonesini,F.Ferri
U niversita degliStudie Sezione IN FN M ilano B icocca,M ilano,Italy
M .K irsanov
Institute for N uclear R esearch,M oscow ,R ussia
A.Bagulya,V.G richine,N.Polukhina
P.N .Lebedev Institute ofP hysics (FIA N ),R ussian A cadem y ofSciences,M oscow ,R ussia
V.Palladino
U niversita \Federico II" e Sezione IN FN ,N apoli,Italy
L.Coney15,D .Schm itz15
C olum bia U niversity,N ew Y ork,U SA
G .Barr,A.D e Santo
17
N uclear and A strophysics Laboratory,U niversity ofO xford,U K
F.Bobisut,D .G ibin,A.G uglielm i,M .M ezzetto
U niversita degliStudie Sezione IN FN ,Padova,Italy
J.D um archez
LP N H E,U niversites de Paris V I et V II,Paris,France
U.D ore
U niversita \La Sapienza" e Sezione IN FN R om a I,R om a,Italy
D .O restano,F.Pastore,A.Tonazzo,L.Tortora
U niversita degliStudie Sezione IN FN R om a III,R om a,Italy
C.Booth,L.Howlett
D ept. ofP hysics,U niversity ofSheeld,U K
M .Bogom ilov,M .Chizhov,D .K olev,R.Tsenov
Faculty ofP hysics,St. K lim ent O hridskiU niversity,Soa,B ulgaria
S.Piperov,P.Tem nikov
Institute for N uclear R esearch and N uclear Energy,A cadem y ofSciences,Soa,B ulgaria
M .Apollonio,P.Chim enti,G .G iannini
U niversita degliStudie Sezione IN FN ,Trieste,Italy
J.Burguet{Castell,A.Cervera{Villanueva,J.J.G om ez{Cadenas,J.M artn{Albo,P.Novella,M .Sorel
Instituto de Fsica C orpuscular,IFIC ,C SIC and U niversidad de V alencia,Spain
2
1Now atFNAL,Batavia,Illinois,USA.
2Now atUniversity ofG lasgow,UK .
3Also supported by LPNHE,Paris,France.
4Now atIm perialCollege,University ofLondon,UK .
5ITEP,M oscow,Russian Federation.
6Now atSpinX Technologies,G eneva,Switzerland.
7Now atTRIUM F,Vancouver,Canada.
8O n leaveofabsencefrom Ecoanalitica,M oscow State University,M oscow,Russia.
9Now atCukurova University,Adana,Turkey.
10Now atIIIPhys.Inst.B,RW TH Aachen,Aachen,G erm any.
11O n leaveofabsencefrom INFN,SezionediFerrara,Italy.
12Now atCERN,G eneva,Switzerland.
13Now atUniversity ofRom e TorVergata,Italy.
14Now atLawrenceBerkeley NationalLaboratory,Berkeley,California,USA.
15M iniBooNE Collaboration.
16Now atSection de Physique,UniversitedeG eneve,Switzerland,Switzerland.
17Now atRoyalHolloway,University ofLondon,UK .
3
1 Introduction
The HARP experim ent [1]m akes use ofa large-acceptance spectrom eter for system atic study ofthe
hadron production on a largerangeoftargetnucleiforbeam m om enta from 1.5 to 15 G eV=c.Them ain
m otivationsareto m easurepion yieldsfora quantitativedesign oftheproton driverofa futureneutrino
factory [2],to provide m easurem ents to allow substantially im proved calculations ofthe atm ospheric
neutrino ux [3,4,5,6,7]to be m adeand to m easureparticleyieldsasinputforthe ux calculation of
acceleratorneutrino experim ents,such asK 2K [8,9],M iniBooNE [10]and SciBooNE [11].
M easurem entsofthe double-dierentialcross-section,d2=dpd for  production atlarge angles by
protons of3 G eV=c,5 G eV=c,8 G eV=c,8.9 G eV=c (Be only),12 G eV=c and 12.9 G eV=c (Alonly)
m om entum im pinging on a thin beryllium ,alum inium or lead target of5% nuclear interaction length
(I)are presented.These m easurem entsareofspecialinterestfortargetm aterialsused in conventional
acceleratorneutrino beam s(Be,Al)and in neutrino factory designs(Pb).
In thisenergy rangeand forthesenucleartargets,only very sparsedata setsareavailablefrom previous
experim ents,usually with large uncertainties[12,13],aside whathasbeen published in references[14],
[15].
Resultsforothernuclei,such asBe,Alforpionsproduced in theforward direction and C,Cu,Sn,Ta for
pion production atlargeanglesarepresented in dierentHARP publications[16,17,18,19].HARP isthe
rstexperim entto providea largedata settaken with m any dierenttargets,fullparticleidentication
and largedetectoracceptancedown to low secondary m om entum (’ 200 M eV/c).Thispapercom pletes
therangeofsolid targetm aterialsforwhich HARP data areavailable.Thecom bination ofthedata sets
m akeitpossibleto perform system aticcom parisonsofhadron production m odelswith m easurem entsat
dierentincom ing beam m om enta overa largerangeoftargetatom icnum berA.
Data weretaken in theT9 beam oftheCERN PS.About3:1 105;5:1 105;1:6 105 well-reconstructed
secondary pion tracksforthe beryllium ,alum inium and lead targetswere selected from 1.6,2.3 and 0.9
m illionsofincom ing protons,which gavean interaction triggerin the LargeAnglespectrom eter.
Theanalysisproceedsby selecting tracksin theTim eProjection Cham ber(TPC)in eventswith incident
beam protons. M om entum and polar angle m easurem ents and particle identication are based on the
m easurem ents oftrack position and energy deposition in the TPC.An unfolding m ethod is used to
correctforexperim entalresolution,eciency and acceptance and to obtain the double-dierentialpion
production cross-sections. The m ethod allowsa fullerrorevaluation to be m ade. The analysisfollows
closely them ethodsused forthedeterm ination of production by protonson a tantalum targetwhich
are fully described in Ref.[19]and willbe only briey outlined here.A com parison with available data
ispresented.
2 Experim entalapparatus and data analysis
TheHARP detectorisshown in Fig.1 and isfully described in reference[20].Theforward spectrom eter,
m ainly used in the particle production analysis for the conventionalneutrino beam s and atm ospheric
neutrino ux,com prisesa dipole m agnet,large planardriftcham bers(NDC) [21],a tim e-of-ightwall
(TO FW )[22],a threshold Cherenkov counter(CHE)and an electro-m agneticcalorim er(ECAL).In the
large-angle region ofparticle production a cylindricalTPC with a radius of408 m m (active region)is
positioned inside a solenoidalm agnetwith a eld of0.7 T.The TPC detectorwasdesigned to m easure
and identify tracksin the angularregion from 0.25 to 2.5 rad with respectto thebeam axis.The target
is placed inside the inner eld cage (IFC) ofthe TPC such that,in addition to particles produced in
the forward direction,backward-going trackscan be m easured.The targetshavea nom inalthicknessof
5% I and a cylindricalshape with a nom inaldiam eterof30 m m and each ofthe three targetshave a
purity above99.95% .The Be,Aland Pb targetshavea thicknessof20.46 m m ,19.80 m m and 8.37 m m
with a m easured variation oflessthan  0:02 m m , 0:07 m m and  0:08 m m ,respectively.
The TPC isused fortracking,m om entum determ ination and the m easurem entofthe energy deposition
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Figure1:Schem aticlayoutoftheHARP detector.Theconvention forthecoordinatesystem isshown in
the lower-rightcorner.The three m ostdownstream (unlabelled)driftcham berm odulesare only partly
equipped with electronicsand arenotused fortracking.
dE =dx forparticle identication [23]. A setofresistive plate cham bers(RPC)form a barrelinside the
solenoid around the TPC to m easure the arrivaltim e ofthe secondary particles[24]. Charged particle
identication (PID)can beachieved by m easuring theionization perunitlength in thegas(dE =dx)asa
function ofthetotalm om entum oftheparticle.AdditionalPID can beperform ed through atim e-of-ight
m easurem entwith the RPCs.
The m om entum ofthe T9 beam is known with a precision ofthe orderof1% [25]. The absolute nor-
m alization ofthe num berofincident protonswasperform ed using a totalof1,148,120 incidentproton
triggers.These are triggerswhere the sam e selection on the beam particle wasapplied butno selection
on theinteraction wasperform ed.Therateofthistriggerwasdown-scaled by a factor64.A cross-check
ofthe absolutenorm alization wasprovided by counting tracksin the forward spectrom eter.
Beam instrum entation provides identication ofthe incom ing particle,the determ ination ofthe tim e
when it hits the target,and the im pact point and direction ofthe beam particle on the target. It is
based on a setoffourm ulti-wire proportionalcham bers(M W PC)to m easure position and direction of
the incom ing beam particles and tim e-of-ight detectors and N 2-lled Cherenkov counters to identify
incom ing particles. Severaltrigger detectors are installed to select events with an interaction and to
dene the norm alization.
The beam ofpositive particlesused forthism easurem entcontainsm ainly positrons,pionsand protons,
with sm allcom ponents ofkaons and deuterons and heavier ions. The proton fraction in the incom ing
beam varies from 35% at 3 G eV/c to 92% at 12 G eV/c. The length ofthe acceleratorspillis 400 m s
with a typicalintensity of15 000 beam particlesperspill.
In addition to theusualneed forcalibration ofthedetector,a num berofhardwareshortfalls,discovered
m ainly aftertheend ofdata-taking,had tobeovercom etousetheTPC datareliably in theanalysis.The
TPC isaected by a relatively largenum berofdead ornoisy padsand staticand dynam icdistortionsof
thereconstructed trajectories.Staticdistortionsarecaused by theinhom ogeneity oftheelectriceld,due
to an accidentalm ism atch between theinnerand outereld cage(powered by two distinctHV supplies)
and other sources. Dynam ic distortions are caused instead by the build-up of ion-charge density in
the drift volum e during the 400 m s long beam spill. Allthese eects were fully studied and available
correctionsaredescribed in detailin Ref.[19].W hile m ethodsto correctthe dynam ic distortionsofthe
TPC tracksare being developed,a practicalapproach has been followed in the presentanalysis. O nly
the eventscorresponding to the early partofthe spill,where the eectsofthe dynam ic distortionsare
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stillsm all,havebeen used1.The tim e intervalbetween spillsislargeenough to drain allchargesin the
TPC related to theeectofthebeam .Thecom bined eectofthedistortionson thekinem aticquantities
used in the analysishasbeen studied in detailand only thatpartofthe data forwhich the system atic
errorscan be assessed with physicalbenchm arkswasused,asexplained in [19]. M ore than 30% ofthe
recorded data can thusbe used in the currentanalysis.
The absolute m om entum scale is determ ined by using elastic scattering events o a hydrogen target.
The angle ofthe forward scattered particle is used to predict the m om entum ofthe recoilproton,to
be com pared to the one m easured by the TPC.To study the stability ofthism easurem entprotonsare
selected in a narrow band with a relatively largedE =dx where dE =dx dependsstrongly on m om entum .
The averagem om entum forthe selected protonsrem ainsstable within 3% asa function oftim e-in-spill
overthepartofthespillused in thisanalysis.O nly a shortoutlineofthedata analysisispresented here,
form oredetailsseeRef.[19].
The analysis proceeds by rst selecting a beam proton hitting the target,not accom panied by other
tracks.Then an eventisrequired to givea largeangleinteraction (LAI)triggerto beretained.Afterthe
eventselection thesam pleoftracksto beused foranalysisisdened.Atleasttwelvespacepointsin the
TPC outofa m axim um oftwenty arerequired to considera track.Thiscutensuresa good m easurem ent
ofthe track param eters and the dE =dx. For the selected tracks a cut on d
0
0 (the distance ofclosest
approach to theextrapolated trajectory oftheincom ing beam particlein theplaneperpendicularto the
beam direction)and z
0
0 (the z-coordinatewherethe distance ofthe secondary track and the beam track
ism inim al)isapplied. Finally,only trackswith 100 M eV=c p  800 M eV=c and pT  55 M eV=c are
accepted.
Table1 showsthenum berofeventsand thenum berof selected in thep{Be,p{Aland p{Pb analysis.
The totalnum berofevents taken by the data acquisition (\TotalDAQ events")includes triggerofall
typesaswellascalibration events. The num berofaccepted eventsforthe analysis(\Accepted protons
with LAI") is obtained from incom ing protons in coincidence with a large angle trigger. The large
dierence between the two num bers is due to the relatively large fraction ofpions in the beam and to
the largernum beroftriggerstaken forthe m easurem entswith the forward dipole spectrom eter. These
data willbe the subjectofotherpublications. The fraction ofdata used forthe analysis(\Fraction of
triggers used") after a cut on the m axim um event num ber to be retained in the spill(\N evt cut") to
avoid dynam ic distortion correctionsisthen reported. Finally,the rows\Negative particles",\Positive
particles ",\  selected with PID" and \+ selected with PID" show the num ber ofaccepted tracks
with negativeand positivechargeand the onespassing in addition the pion PID criteria,respectively.
3 Experim entalresults






















is expressed in bins oftrue m om entum (pi),angle (j)and particle type (). The factor
A
N A  t
in Eq.1 isthe inverse ofthe num beroftargetnucleiperunitarea (A isthe atom ic m ass,N A is
the Avogadro num ber, and tarethe targetdensity and thickness)2.
The ‘raw yield’N 
0
i0j0 isthe num berofparticlesofobserved type 
0 in binsofreconstructed m om entum
(pi0)and angle(j0).These particlesm ustsatisfy the event,track and PID selection criteria.Although,
thanksto the stringentPID selection,the background from m isidentied protonsin the pion sam ple is
1Thistranslates into a cut on the m axim um num ber ofevents (N evt)to be retained.
2W e do notm ake a correction forthe attenuation ofthe proton beam in the target,so thatthe cross-sectionsarestrictly
valid fora I = 5% target.
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Table1:Totalnum berofeventsand tracksused in theberyllium ,alum inium and lead 5% I targetdata
sets,and thenum berofprotonson targetascalculated from thepre-scaled triggercount.Foreach entry
the rstline showsberyllium targetdata,the second line { alum inium targetdata and the third (last)
line { lead targetdata.
D ata set (G eV =c) 3 5 8 8.9 12 12.9
TotalDAQ events (Be) 1409710 1705362 2010031 3969685 1288354 {
(Al) 1586331 1094308 1706919 { 619021 6644256
(Pb) 1299264 2234984 1949950 { 630417 {
Acc.protonswith LAI 77223 182423 365500 692150 300939 {
69794 120948 341687 { 71554 1715323
79188 207004 415982 { 188134 {
Fraction oftriggersused 35% 33% 36% 41% 41% {
(N evt cut) 48% 40% 33% { 42% 35%
36% 32% 36% { 27% {

  selected w ith P ID 3120 11168 29337 63887 29506 {
3882 9233 27809 { 19290 168229
2347 11842 42576 { 18092 {

+ selected w ith P ID 5520 15331 37049 78727 35136 {
6396 13045 35991 { 23440 203924
3203 13318 46150 { 19040 {
sm all,the pion and proton raw yields (N 
0
i0j0,for 
0 =   ;+ ;p) have been m easured sim ultaneously.
Itisthuspossible to correctforthe sm allrem aining proton background in the pion data withoutprior
assum ptionsconcerning the proton production cross-section.
The m atrix M
  1
iji0j0 0
corrects for the eciency and resolution of the detector. It unfolds the true
variables ij from the reconstructed variables i0j00 with a Bayesian technique [26]and corrects the
observednum berofparticlestotakeintoaccounteectssuch astriggereciency,reconstructioneciency,
acceptance,absorption,pion decay,tertiaryproduction,PID eciency,PID m isidentication and electron
background.The m ethod used to correctforthe variouseectsisdescribed in m oredetailin Ref.[19].
In orderto predictthe population ofthe m igration m atrix elem entM iji0j0 0,the resolution,eciency
and acceptance ofthe detectorare obtained from the M onte Carlo. Thisisaccurate provided thatthe
M onte Carlo sim ulation describes these quantities correctly. W here som e deviations from the control
sam ples m easured from the data are found,the data are used to introduce (sm all) corrections to the
M onte Carlo. Using the unfolding approach,possible known biasesin the m easurem entsare taken into
accountautom atically aslong asthey are described by the M onte Carlo.In the experim entsim ulation,
which isbased on theG EANT4toolkit[27],them aterialsin thebeam -lineand thedetectorareaccurately
described aswellastherelevantfeaturesofthedetectorresponseand thedigitization process.In general,
the M onteCarlo sim ulation com pareswellwith the data,asshown in Ref.[19].
The resultisnorm alized to the num berofincidentprotonson targetN pot.The absolute norm alization
oftheresultiscalculated in therstinstancerelativeto thenum berofincidentbeam particlesaccepted
by theselection.Afterunfolding,thefactor A
N A  t
isapplied.Thebeam norm alization using down-scaled
incidentproton triggershasuncertaintiessm allerthan 2% forallbeam m om entum settings.
The background due to interactions ofthe prim ary protons outside the target (called ‘Em pty target
background’) is m easured using data taken without the target m ounted in the target holder. O wing
to the selection criteria which only accepteventsfrom the targetregion and the good denition ofthe
interaction pointthisbackground isnegligible (< 10  5).The background ofinteractionsofthe prim ary
proton outside the targetcan be suppressed for large angle tracks m easured in the TPC owing to the
good resolution in z.Thisiscontrary to the situation in the forward spectrom eterwhere an interaction
in the targetcannotbe distinguished from an interaction in upstream ordownstream m aterial[17,16].
The eects ofthese uncertainties on the nalresults are estim ated by repeating the analysis with the
relevantinputm odied within theestim ated uncertainty intervals.In m any casesthisprocedurerequires
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Figure2: Double-dierentialcross-sectionsfor+ production (top)and   production (bottom )in p{Be
interactionsasafunction ofm om entum displayed in dierentangularbins(shown in m rad in thepanels).
The errorbarsrepresentthe com bination ofstatisticaland system aticuncertainties.
the construction ofa setofdierentm igration m atrices.The correlationsofthe variationsbetween the
cross-section binsareevaluated and expressed in the covariancem atrix.Each system aticerrorsourceis
represented by itsown covariancem atrix.Thesum ofthesem atricesdescribesthetotalsystem aticerror.
3.1 C ross-section m easurem ents
Them easured double-dierentialcross-sectionsfortheproduction of+ and   in thelaboratory system
as a function ofthe m om entum and the polar angle for each incident beam m om entum are shown in
Fig.2, 3 and 4 for Be, Aland Pb, respectively. The error bars shown are the square-roots of the
diagonalelem entsin the covariancem atrix,where statisticaland system atic uncertaintiesarecom bined
in quadrature. Correlations cannot be shown in the gures. The correlation ofthe statisticalerrors
(introduced by theunfolding procedure)aretypically sm allerthan 20% foradjacentm om entum binsand
even sm allerforadjacentangularbins.Thecorrelationsofthesystem aticerrorsarelarger,typically 80%
foradjacentbins.The overallscaleerrorisnotshown.The lattererroris2% forBe and Aland 3% for
Pb due to the largervariation in the m easured thicknessofthe lead target.The resultsofthisanalysis
arealso tabulated in Appendix A.
To bettervisualize the dependence on the incom ing beam m om entum ,the sam e data averaged overthe
angular range (for the forward going and backward going tracks) covered by the analysis are shown
separately for+ and   in Fig.5.The spectrum ofpionsproduced in the backward direction ism uch
steeperthan thatin theforward direction.Theincreaseofthepion yield perproton isvisiblein addition
to a change ofspectrum towardshigher m om entum ofthe secondariesproduced by higherm om entum
beam sin the forward direction.Thisdependence ism uch weakerforBethan forPb.
The dependence ofthe integrated pion yields on the incidentbeam m om entum is shown in Fig.6 and
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Figure3: Double-dierentialcross-sectionsfor+ production (top)and   production (bottom )in p{Al
interactionsasafunction ofm om entum displayed in dierentangularbins(shown in m rad in thepanels).
The errorbarsrepresentthe com bination ofstatisticaland system atic uncertainties. In the gure,the
sym bollegend 13 (9)refersto 12.9 (8.9)G eV=cnom inalbeam m om entum .
com pared with previousresultsobtained with thesam eapparatus.The+ and   yieldsareintegrated
overthe region 0:350 rad   < 0:950 rad and 100 M eV=c p < 700 M eV=c.W hereasthe beam energy
dependence ofthe yieldsin the p{C,p{Be data diersclearly from the dependence in the p{Ta,p{Pb
data onecan observethatthep{Al,p{Cu and p{Sn datadisplay a sm ooth transition between them .The
dependencein thep{C,p{Bedata ism uch m oreatwith a saturation oftheyield between 8 G eV=cand
12 G eV=cwith the p{Al,p{Cu and p{Sn showing an interm ediatebehaviour.
The integrated   /+ ratio in the forward direction is displayed in Fig.7 as a function ofsecondary
m om entum .In thecovered partofthem om entum rangein m ostbinsm ore+ ’sareproduced than   ’s.
The   /+ ratio hasfeaturessim ilarto the onesobserved in ourp{C [18]and p{Ta data [19]. In the
p{Pb data the ratio is closer to unity than for the p{Be,p{Aldata. In the lead data a sim ilar eect
isobserved asin the previously published tantalum data,nam ely thatthe num berof+ ’sproduced is
sm allerthan thenum berof  ’sin thelowestm om entum bin (100 M eV=c{150 M eV=c)forthe8 G eV=c
and 12 G eV=c incom ing beam m om enta. A sim ilar eect was seen by E910 in their p{Au data [14].
Lower-A targetsdo notshow thisbehaviour.
The dependence ofthe integrated pion yieldson the atom icnum berA isshown in Fig.8 com bining the
results with the p{Ta data (Ref.[19]),the p{C data and the p{Cu,p{Sn data (Ref.[18]) taken with
the sam e apparatus and analysed using the sam e m ethods. The + yields integrated over the region
0:350 rad   < 1:550 rad and 100 M eV=c  p < 700 M eV=c are shown in the left paneland the  
data integrated overthe sam e region in the rightpanelforfourdierentbeam m om enta.O ne observes
a sm ooth behaviour ofthe integrated yields. The A-dependence is slightly dierent for   and +
production,the lattersaturating earlier,especially atlowerbeam m om enta.
Theexperim entaluncertaintiesaresum m arized in Table2.O neobservesthatonly forthe3G eV=cbeam
thestatisticalerrorissim ilarin m agnitudeto thesystem aticerror,whilethestatisticalerrorisnegligible
9
Figure 4: Double-dierentialcross-sections for + production (top) and   production (bottom ) in
p{Pb interactionsasa function ofm om entum displayed in dierentangularbins(shown in m rad in the
panels).Theerrorbarsrepresentthe com bination ofstatisticaland system aticuncertainties.
for the 8 G eV=c and 12 G eV=c beam settings. The statisticalerroris calculated by errorpropagation
as part ofthe unfolding procedure. It takes into account that the unfolding m atrix is obtained from
the data them selves3 and hence contributesalso to the statisticalerror.Thisprocedure alm ostdoubles
the statisticalerror,butavoidsan im portantsystem atic errorwhich would otherwise be introduced by
assum ing a cross-section m odela priorito calculatethe corrections.
Thelargestsystem aticerrorcorrespondsto the uncertainty in the absolutem om entum scale,which was
estim ated to be around 3% using elastic scattering [19].Atlow m om entum in the relatively sm allangle
forward direction the uncertainty in the subtraction ofthe electron and positron background due to 0
production is dom inant ( 6% {10% ). This uncertainty is split between the variation in the shape of
the 0 spectrum and the norm alization using the identied electrons. The targetregion denition and
the uncertainty in the PID eciency and background from tertiaries (particles produced in secondary
interactions)areofsim ilarsizeand arenotnegligible( 2  3% ).Relatively sm allerrorsareintroduced
by the uncertaintiesin theabsorption correction,absoluteknowledgeofthe angularand them om entum
resolution.The correction fortertiariesisrelatively largeatlow m om enta and large angles( 3  5% ).
Asexpected,thisregion ism ostaected by thiscom ponent.Theerrorsarequoted forthe positivepion
data.O wing to the sim ilarity ofthe spectra the errorsarevery sim ilarforthe negativepions.
Asalready m entioned above,the overallnorm alization hasan uncertainty of2% forBe and Aland 3%
forPb,and isnotreported in the table.Itism ainly due to the uncertainty in the eciency thatbeam
protonscounted in the norm alization actually hitthe target,with sm allercom ponentsfrom the target
thicknessand density and beam particlecounting procedure.
The Pb data presented in thispaperareparticularly relevantforthe design ofthe inputstageoffuture
neutrino factories. This experim ent covers the fullm om entum range ofinterest for production angles
3The m igration m atrix iscalculated withoutpriorknowledge ofthe cross-sections,while the unfolding procedure deter-
m ined the unfolding m atrix from the m igration m atrix and the distributions found in the data.
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Figure 5: Double-dierentialcross-sections for + and   production in p{Be (top),p{Al(m iddle)
and p{Pb (bottom ) interactions as a function ofm om entum averaged over the angular region covered
by this experim ent(shown in m rad). The leftpanelofeach pairshowsforward production (350 m rad
 m rad < 1550m rad),whiletherightpanelofeach pairshowsbackward production (1550m rad   <
2150m rad).Theerrorbarsobtained aftersum m ing thebinsofthedouble-dierentialcross-sectionstake
into account the correlationsofthe statisticaland system atic uncertainties. In the gure,the sym bol
legend 13 (9)refersto 12.9 (8.9)G eV=cnom inalbeam m om entum .
above0.35 rad.W hen onedenesthe eective coverageofthe kinem atic rangeasthe fraction ofm uons
transported by the input stage ofa neutrino factory design originating from decaysforwhich the pion
production cross-section is within the kinem atic range m easured by the present experim ent then one
evaluatesthiseective coverageto be closeto 70% [28],using a particularm odelforpion production at
an incom ing beam m om entum of10.9 G eV=c[29]forthe ISS inputstage[30].
The + and   production cross-sections were integrated over the fullHARP kinem atic range in the
forward hem isphere(100M eV=c< p < 700M eV=cand 0:35<  < 1:55).Theresultsareshown in Fig.9.
The integrated yieldsnorm alized to the kinetic energy ofthe incom ing beam particlesareshown forPb
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Figure 6: The dependence on the beam m om entum ofthe   (left) and + (right)production yields
in p{Be,p{C,p{Al,p{Cu,p{Sn,p{Ta,p{Pb interactions integrated over the forward angular region
(0:350 rad   < 0:950 rad)and m om entum (100 M eV=c p < 700 M eV=c). The resultsare given in
arbitrary units,with a consistentscalebetween the leftand rightpanel.Data pointsfordierenttarget
nucleiand equalm om enta are slightly shifted horizontally with respect to each other to increase the
visibility.
in the left paneland com pared with the Ta data in the rightpanel. The outer errorbarsindicate the
totalstatisticaland system aticerrors.Ifonecom paresthe+ and   ratesfora given beam m om entum
orifone com paresthe ratesata dierentbeam m om entum the relative system atic errorisreduced by
about a factor two. The relative uncertainties are shown as inner error bar. It is shown that in our
kinem atic coverage the optim um yield is between 5 G eV=c and 8 G eV=c. To show the trend the rates
within restricted rangesarealso given:a restricted angularrange(0:35 <  < 0:95)and a rangefurther
restricted in m om entum (250M eV=c< p < 500M eV=c).Thelatterrangem ay bem ostrepresentativefor
theneutrino factory.O nenotesthatthePb and Ta data yield thesam econclusions.Although theunits
areindicated as\arbitrary",forthelargestregion,theyield isexpressed asd2=dpd
 in m b/(G eV=csr).
Fortheotherregionsthesam enorm alization ischosen,butnow scaled with therelativebin sizeto show
visually the correctratio ofnum berofpionsproduced in these kinem atic regions.
O fcoursethisanalysisonly givesa sim plied pictureoftheresults.O neshould notethatthebestresult
can be obtained by using the fullinform ation ofthe double-dierentialcross-section and by developing
designs optim ized specically for each single beam m om entum . Then these optim ized designs can be
com pared.
12
Figure7: Theratio ofthedierentialcross-sectionsfor  and + production in p{Be(leftpanel),p{Al
(m iddlepanel)and p{Pb (rightpanel)interactionsasa function ofsecondary m om entum integrated over
the forward angularregion (shown in m rad).In the gure,the sym bollegend 13 (9)refersto 12.9 (8.9)
G eV=cnom inalbeam m om entum .
Figure8: Thedependenceon theatom icnum berA ofthepion production yieldsin p{Be,p{C,p{Al,p{
Cu,p{Sn,p{Ta,p{Pb interactionsintegrated overtheforward angularregion (0:350rad   < 1:550rad)
and m om entum (100M eV=c p< 700M eV=c).Theresultsaregiven in arbitraryunits,with aconsistent
scalebetween the leftand rightpanel.Theverticalscaleused in thisgureisconsistentwith the onein
Fig.6.
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Table 2: Experim entaluncertainties for the beryllium , alum inium and lead analyses. The num bers
representtheuncertainty in percentofthecross-section integrated overtheangleand m om entum region
indicated.The overallnorm alization hasan uncertainty of2% forBe and Aland 3% forPb,and isnot
reported in the table.
p (G eV =c) 0.1 { 0.3 0.3 { 0.5 0.5 { 0.7
A ngle 350{ 950{ 1550{ 350{ 950{ 1550{ 350{ 950{
(m rad) 950 1550 2150 950 1550 2150 950 1550
3 G eV =c
Totalsyst. (Be) 11.6 4.6 2.6 3.6 7.5 10.5 9.6 16.4
(Al) 9.9 5.1 3.5 3.9 7.7 12.9 10.0 14.4
(Pb) 11.7 6.8 6.3 3.7 5.9 6.4 11.0 14.7
Statistics (Be) 4.5 3.8 4.9 3.5 5.9 16.0 4.7 13.0
(Al) 4.0 3.3 4.2 3.2 5.1 11.3 4.2 9.9
(Pb) 5.8 4.6 5.5 4.8 6.8 14.1 6.7 13.4
5 G eV =c
Totalsyst. (Be) 11.0 4.7 2.7 3.9 4.8 7.8 6.5 11.4
(Al) 9.9 5.0 3.5 3.9 5.0 6.8 8.5 12.2
(Pb) 12.4 7.4 6.3 4.0 5.2 6.8 6.8 11.3
Statistics (Be) 2.2 1.8 2.3 1.4 2.2 4.5 1.7 3.5
(Al) 2.7 2.4 3.0 2.1 3.2 6.3 2.5 5.2
(Pb) 2.8 2.3 2.8 2.2 2.9 5.2 2.7 4.6
8 G eV =c
Totalsyst. (Be) 10.8 5.2 3.1 5.1 3.9 6.8 6.7 11.3
(Al) 9.6 5.2 3.6 4.1 4.3 7.2 7.3 11.4
(Pb) 11.1 7.4 6.4 4.2 4.7 6.6 6.6 9.3
Statistics (Be) 1.7 1.4 1.8 1.1 1.7 3.2 1.2 2.5
(Al) 1.6 1.5 1.9 1.2 1.9 3.6 1.4 2.7
(Pb) 1.5 1.3 1.6 1.1 1.6 2.7 1.3 2.2
8.9 G eV =c
Totalsyst. (Be) 8.8 4.4 2.7 4.5 4.0 7.8 7.4 12.3
Statistics (Be) 1.1 1.0 1.3 0.8 1.2 2.4 0.9 1.8
12 G eV =c
Totalsyst. (Be) 10.7 5.1 2.9 4.3 3.8 6.7 6.6 11.1
(Al) 9.8 5.8 4.1 3.9 4.5 6.8 7.5 10.8
(Pb) 10.8 7.1 6.7 2.9 4.4 5.6 7.1 9.1
Statistics (Be) 1.6 1.4 1.7 1.0 1.5 2.9 1.1 2.2
(Al) 1.9 1.9 2.4 1.5 2.2 4.4 1.6 3.2
(Pb) 2.1 1.9 2.4 1.7 2.4 4.3 2.0 3.4
12.9 G eV =c
Totalsyst. (Al) 9.7 5.4 3.8 3.7 4.1 6.7 7.3 11.1
Statistics (Al) 0.7 0.6 0.8 0.5 0.8 1.4 0.6 1.0
3.2 C om parisons w ith earlier data
Available data to be com pared with are very scarce and in generalsuer from large system atic and
statisticaluncertainties,exceptforthe following two exam ples.
Thep{Bedataat12.3G eV/cfrom theE910experim ent[14]arein reasonableagreem entwith ourresults
asshown in Fig.10.In orderto take into accountthe dierentangularbinningswhich preventa direct
com parison,a Sanford-W ang param etrization [31]istted to ourdata.The tisperform ed to the data
redened asd2=dpd
:Asthe Sanford-W ang param etrization doesnottperfectly ourdata,a  15%
band which containsfully ourexperim entaldata pointshasbeen chosen forthe com parison asshown in
Fig.10 (top panels). The sam e param etrizationsare then displayed in the binning ofE910. W hile the
shapeofthedistributionsaresim ilarforboth + and   in theHARP and E910 data sets,theabsolute
cross-sectionsdisagreebyup to15% forthe+ dataand agreewellforthe  data.(Theparam etrization
shows sim ilar diculties to t both    data sets). O ne should note that the range ofthe system atic
errorsofthe HARP data is5% to 10% and sim ilarforthe E910 data,such thatthe disagreem entisnot
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Figure9: Theintegrated yieldsnorm alized to thekineticenergy oftheproton ofthe+ (closed sym bols)
and   (open sym bols)yield as a function ofincident proton beam m om entum . Shown are the yields
for lead (left) and tantalum (right). The circles indicate the integralover the fullHARP acceptance
(in the forward direction),the squaresare integrated over0:35 rad <  < 0:95 rad,while the diam onds
are calculated for the restricted angular range and 250 M eV=c < p < 500 M eV=c. The fullerror bar
showstheoverall(system aticand statistical)error,whiletheinnererrorbarshowstheerrorrelevantfor
the point{to-pointcom parison.Forthe lattererroronly the uncorrelated system atic uncertaintieswere
added to the statisticalerror.
m uch largerthan onestandard deviation.Thedierencein the+ /  ratiobetween thetwoexperim ents
isabout15% ,which ism oresignicantgiven the expected correlationsbetween the uncertaintiesin the
m easurem ents ofthe + and   spectra. This eect m ay point to an underestim ation ofsystem atic
eectson theabsolutenorm alization,ecienciesorbackground subtractions.O wing to thesym m etry of
the HARP TPC,including itstriggercounter,we do notexpecta large system atic errorin the HARP
data between + and   production cross-sections4.
O ur p{Aldata have been com pared with + and   production m easurem ents at 12 G eV=c incident
proton m om entum from Shibata etal.[15]. Their data were taken with a m agnetic spectrom eter and
only m easurem entsat90 degreesfrom the initialproton direction are available. The statisticalpoint{
to{pointerrorsare quoted to be 3% ,while the overallnorm alization hasa 30% uncertainty due to the
knowledge ofthe acceptance.In Fig.11 theirdata are shown togetherwith the resultsreported in this
paper.Theirdata setcom pareswellwith the data described in thispaper(lled circles)in the angular
region 1.35 rad   < 1.55 rad atthe sam eproton beam m om entum 5.
4A sa side rem ark,E910 data showsa step around 800 M eV /c in m om entum (inverse for+ ,  )thatm ay explain also
the observed discrepancy.
5In this com parison data are com pared with their proper experim ental norm alization factors, while in the previous
published com parison ofourcarbon and coppertargetdata with theirdata setsnorm alization factors0.72 (0.91)wereused,
stillcom patible with their overallquoted norm alization uncertainty of30% .
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Figure10: Com parison oftheHARP Bedata with + and   production data from Ref.[14]taken with
12.3 G eV=cprotons.The top panelsshow a param etrization ofthe + (left)and   (right)production
data described in thispaper.Thedata havebeen norm alized to representd2=dpd
 :Theshaded band
representstheareabetween twoparam etrization which contain thedata points.Thebottom panelsshow
the com parison ofthe sam e param etrization,now binned according to the E910 data. The bottom left
(right)panelshowsthe+ (  )production data ofRef.[14].Theangularregionsareindicated in m rad
in the upperright-hand cornerofeach plot.
4 Sum m ary and C onclusions
The analysisofthe production ofcharged pions atlarge angleswith respectto the beam direction for
protons of3 G eV=c,5 G eV=c,8 G eV=c,8.9 G eV=c (Be only),12 G eV=c and 12.9 G eV=c (Alonly)
im pinging on thin (5% nuclearinteraction length)beryllium ,alum inium and lead targetsis presented.
Thesecondary pion yieldsarem easured in a largeangularand m om entum rangeand double-dierential
cross-sections are obtained. A detailed error estim ation is discussed. Results on the dependence of
charged pion production on the targetatom icnum berA arealso presented.
The use ofa single detector for a range ofbeam m om enta m akes possible to m easure the dependence
ofthe pion yield on the secondary particle m om entum and em ission angle with high precision.The A
dependence ofthe cross-section can be studied using the com bination ofthe presentdata with the data
obtained with carbon,copper,tin [18]and tantalum [19]targets in the sam e experim ent. The yields
integrated over relatively large angular and m om entum regions show a sm ooth trend in their A and
beam -m om entum dependence.
The data taken with the lead target is im portant for the design studies for a neutrino factory. These
data show a sim ilarbehaviourasthe previously reported data with a tantalum target.
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Figure11: Com parison ofHARP p{Aldatawith + and   production dataat90degreesfrom Ref.[15]
taken with 12 G eV=cincidentprotons.The leftpanelshowsthe com parison ofthe + production data
ofRef.[15]with the data reported here; the right panelshows instead the com parison with the  
production data. The data sets com pares wellwith our results (lled circles) in the angular region
1.35   < 1.55 rad.
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A C ross-section data
Table 3:HARP resultsforthe double-dierential+ production cross-section in the laboratory system ,
d2
+
=(dpd) forberyllium . Each row refersto a dierent(pm in  p < pm ax;m in   < m ax)bin,
where p and  are the pion m om entum and polar angle,respectively. The centralvalue aswellasthe
square-rootofthe diagonalelem entsofthe covariance m atrix are given. The overallnorm alization has
an uncertainty of2% ,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 8:9 G eV=c 12 G eV=c
0.35 0.55 0.15 0.20 0.063 0.015 0.107 0.017 0.121 0.016 0.130 0.015 0.126 0.019
0.20 0.25 0.090 0.015 0.131 0.014 0.161 0.014 0.174 0.014 0.195 0.016
0.25 0.30 0.104 0.015 0.191 0.023 0.199 0.018 0.213 0.018 0.215 0.019
0.30 0.35 0.151 0.025 0.229 0.021 0.236 0.019 0.232 0.022 0.248 0.021
0.35 0.40 0.178 0.018 0.237 0.016 0.237 0.016 0.266 0.018 0.245 0.016
0.40 0.45 0.163 0.016 0.222 0.014 0.254 0.018 0.261 0.014 0.275 0.022
0.45 0.50 0.187 0.018 0.245 0.020 0.281 0.014 0.281 0.019 0.294 0.019
0.50 0.60 0.185 0.018 0.232 0.016 0.274 0.017 0.284 0.018 0.307 0.019
0.60 0.70 0.117 0.020 0.214 0.022 0.285 0.026 0.249 0.024 0.250 0.030
0.70 0.80 0.083 0.016 0.150 0.029 0.208 0.037 0.187 0.029 0.196 0.029
0.55 0.75 0.10 0.15 0.050 0.016 0.076 0.017 0.081 0.018 0.092 0.015 0.074 0.019
0.15 0.20 0.108 0.016 0.111 0.013 0.145 0.012 0.132 0.010 0.149 0.011
0.20 0.25 0.126 0.019 0.171 0.017 0.202 0.014 0.197 0.015 0.189 0.019
0.25 0.30 0.181 0.020 0.218 0.020 0.210 0.017 0.218 0.016 0.235 0.016
0.30 0.35 0.167 0.020 0.214 0.016 0.212 0.014 0.220 0.015 0.242 0.018
0.35 0.40 0.179 0.017 0.196 0.013 0.217 0.014 0.222 0.013 0.253 0.016
0.40 0.45 0.156 0.015 0.183 0.013 0.224 0.012 0.209 0.010 0.235 0.011
0.45 0.50 0.139 0.013 0.175 0.011 0.206 0.011 0.211 0.011 0.220 0.013
0.50 0.60 0.103 0.013 0.149 0.013 0.185 0.013 0.179 0.014 0.185 0.015
0.60 0.70 0.050 0.014 0.102 0.016 0.130 0.018 0.131 0.017 0.137 0.017
0.70 0.80 0.023 0.006 0.057 0.013 0.079 0.018 0.086 0.016 0.092 0.019
0.75 0.95 0.10 0.15 0.079 0.017 0.067 0.013 0.079 0.013 0.087 0.013 0.089 0.013
0.15 0.20 0.121 0.017 0.143 0.015 0.162 0.012 0.157 0.012 0.157 0.016
0.20 0.25 0.136 0.017 0.173 0.016 0.193 0.015 0.191 0.013 0.193 0.014
0.25 0.30 0.125 0.014 0.167 0.012 0.188 0.012 0.197 0.013 0.193 0.013
0.30 0.35 0.120 0.014 0.146 0.012 0.175 0.011 0.192 0.012 0.185 0.009
0.35 0.40 0.103 0.012 0.150 0.011 0.171 0.009 0.175 0.008 0.167 0.009
0.40 0.45 0.078 0.009 0.129 0.010 0.146 0.009 0.137 0.007 0.147 0.008
0.45 0.50 0.072 0.009 0.096 0.010 0.126 0.007 0.121 0.006 0.129 0.008
0.50 0.60 0.044 0.008 0.065 0.008 0.097 0.009 0.095 0.008 0.096 0.009
0.60 0.70 0.021 0.006 0.039 0.007 0.059 0.010 0.058 0.010 0.060 0.010
0.95 1.15 0.10 0.15 0.105 0.017 0.079 0.014 0.093 0.014 0.089 0.012 0.088 0.013
0.15 0.20 0.127 0.018 0.154 0.015 0.159 0.011 0.166 0.011 0.165 0.013
0.20 0.25 0.165 0.018 0.167 0.013 0.151 0.010 0.168 0.008 0.161 0.011
0.25 0.30 0.119 0.014 0.163 0.012 0.158 0.009 0.155 0.009 0.166 0.009
0.30 0.35 0.115 0.013 0.106 0.009 0.131 0.008 0.122 0.007 0.127 0.008
0.35 0.40 0.074 0.010 0.086 0.007 0.107 0.006 0.107 0.006 0.107 0.006
0.40 0.45 0.054 0.008 0.067 0.006 0.085 0.006 0.088 0.004 0.091 0.005
0.45 0.50 0.034 0.006 0.051 0.005 0.066 0.006 0.068 0.006 0.070 0.006
0.50 0.60 0.018 0.004 0.032 0.005 0.042 0.006 0.044 0.006 0.044 0.006
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 8:9 G eV=c 12 G eV=c
1.15 1.35 0.10 0.15 0.098 0.016 0.102 0.014 0.094 0.012 0.105 0.013 0.093 0.014
0.15 0.20 0.114 0.017 0.144 0.013 0.155 0.011 0.149 0.008 0.136 0.011
0.20 0.25 0.134 0.016 0.127 0.010 0.141 0.008 0.145 0.007 0.133 0.008
0.25 0.30 0.084 0.011 0.110 0.009 0.099 0.007 0.103 0.007 0.116 0.008
0.30 0.35 0.049 0.009 0.076 0.007 0.076 0.006 0.075 0.004 0.082 0.005
0.35 0.40 0.026 0.005 0.057 0.005 0.063 0.004 0.066 0.003 0.072 0.004
0.40 0.45 0.022 0.004 0.041 0.006 0.048 0.004 0.048 0.003 0.053 0.005
0.45 0.50 0.017 0.004 0.024 0.004 0.036 0.004 0.034 0.004 0.037 0.005
1.35 1.55 0.10 0.15 0.084 0.015 0.109 0.015 0.086 0.012 0.097 0.012 0.089 0.013
0.15 0.20 0.107 0.014 0.120 0.011 0.128 0.011 0.145 0.010 0.137 0.009
0.20 0.25 0.079 0.012 0.124 0.011 0.117 0.009 0.118 0.006 0.105 0.007
0.25 0.30 0.070 0.011 0.081 0.009 0.067 0.007 0.083 0.006 0.081 0.006
0.30 0.35 0.036 0.007 0.049 0.006 0.050 0.004 0.055 0.003 0.057 0.005
0.35 0.40 0.023 0.005 0.032 0.004 0.041 0.003 0.044 0.003 0.045 0.004
0.40 0.45 0.012 0.004 0.018 0.003 0.030 0.004 0.029 0.003 0.028 0.004
0.45 0.50 0.007 0.003 0.010 0.002 0.018 0.003 0.020 0.003 0.018 0.003
1.55 1.75 0.10 0.15 0.067 0.015 0.088 0.014 0.080 0.012 0.084 0.011 0.088 0.011
0.15 0.20 0.104 0.014 0.130 0.011 0.115 0.008 0.114 0.006 0.103 0.007
0.20 0.25 0.058 0.010 0.073 0.009 0.079 0.006 0.082 0.005 0.079 0.006
0.25 0.30 0.040 0.008 0.044 0.005 0.062 0.005 0.060 0.004 0.051 0.005
0.30 0.35 0.023 0.006 0.030 0.004 0.042 0.004 0.039 0.003 0.031 0.003
0.35 0.40 0.010 0.003 0.015 0.003 0.028 0.003 0.024 0.003 0.021 0.002
0.40 0.45 0.006 0.003 0.008 0.002 0.015 0.002 0.015 0.002 0.012 0.002
0.45 0.50 0.002 0.002 0.004 0.002 0.009 0.002 0.009 0.001 0.008 0.001
1.75 1.95 0.10 0.15 0.048 0.011 0.072 0.011 0.081 0.011 0.085 0.010 0.068 0.009
0.15 0.20 0.091 0.015 0.097 0.009 0.091 0.006 0.100 0.006 0.098 0.008
0.20 0.25 0.058 0.011 0.053 0.007 0.067 0.006 0.061 0.004 0.058 0.007
0.25 0.30 0.018 0.007 0.033 0.005 0.031 0.004 0.043 0.003 0.036 0.003
0.30 0.35 0.008 0.003 0.016 0.003 0.022 0.002 0.024 0.003 0.025 0.002
0.35 0.40 0.003 0.002 0.009 0.002 0.014 0.002 0.016 0.002 0.017 0.003
0.40 0.45 0.001 0.001 0.004 0.001 0.007 0.002 0.008 0.002 0.007 0.002
0.45 0.50 0.002 0.002 0.002 0.001 0.003 0.001 0.004 0.001 0.003 0.001
1.95 2.15 0.10 0.15 0.055 0.014 0.062 0.010 0.056 0.008 0.068 0.008 0.054 0.007
0.15 0.20 0.062 0.011 0.082 0.008 0.083 0.006 0.068 0.005 0.072 0.006
0.20 0.25 0.042 0.009 0.045 0.006 0.045 0.005 0.048 0.004 0.049 0.005
0.25 0.30 0.015 0.005 0.019 0.005 0.026 0.003 0.027 0.002 0.020 0.004
0.30 0.35 0.007 0.003 0.007 0.002 0.017 0.002 0.018 0.002 0.010 0.001
0.35 0.40 0.004 0.003 0.007 0.002 0.008 0.002 0.008 0.002 0.007 0.001
0.40 0.45 0.004 0.002 0.003 0.001 0.004 0.001 0.004 0.001
0.45 0.50 0.002 0.002 0.002 0.001 0.003 0.001 0.002 0.001
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Table 4:HARP resultsforthe double-dierential  production cross-section in the laboratory system ,
d2
 
=(dpd) for beryllium . Each row refersto a dierent (pm in  p < pm ax;m in   < m ax)bin,
where p and  are the pion m om entum and polar angle,respectively. The centralvalue aswellasthe
square-rootofthe diagonalelem entsofthe covariance m atrix are given. The overallnorm alization has
an uncertainty of2% ,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 8:9 G eV=c 12 G eV=c
0.35 0.55 0.15 0.20 0.047 0.012 0.078 0.013 0.104 0.015 0.114 0.014 0.127 0.018
0.20 0.25 0.057 0.013 0.095 0.012 0.132 0.011 0.146 0.012 0.147 0.012
0.25 0.30 0.070 0.012 0.147 0.017 0.155 0.013 0.164 0.011 0.181 0.019
0.30 0.35 0.058 0.010 0.130 0.011 0.157 0.012 0.170 0.012 0.188 0.015
0.35 0.40 0.059 0.010 0.109 0.009 0.161 0.011 0.164 0.008 0.182 0.013
0.40 0.45 0.067 0.010 0.122 0.013 0.155 0.010 0.157 0.009 0.161 0.012
0.45 0.50 0.063 0.009 0.122 0.010 0.148 0.009 0.166 0.011 0.161 0.011
0.50 0.60 0.049 0.007 0.120 0.009 0.150 0.010 0.166 0.010 0.179 0.011
0.60 0.70 0.050 0.009 0.101 0.012 0.145 0.012 0.164 0.013 0.185 0.015
0.70 0.80 0.035 0.009 0.081 0.010 0.137 0.016 0.140 0.017 0.160 0.020
0.55 0.75 0.10 0.15 0.032 0.011 0.056 0.015 0.055 0.015 0.069 0.016 0.075 0.020
0.15 0.20 0.042 0.010 0.101 0.012 0.121 0.012 0.127 0.009 0.129 0.013
0.20 0.25 0.058 0.011 0.131 0.011 0.155 0.012 0.152 0.011 0.135 0.011
0.25 0.30 0.050 0.010 0.110 0.010 0.148 0.011 0.155 0.010 0.148 0.009
0.30 0.35 0.070 0.011 0.106 0.010 0.135 0.008 0.154 0.008 0.156 0.014
0.35 0.40 0.066 0.009 0.108 0.009 0.134 0.009 0.146 0.009 0.158 0.009
0.40 0.45 0.060 0.009 0.099 0.007 0.133 0.008 0.146 0.007 0.153 0.008
0.45 0.50 0.062 0.008 0.103 0.010 0.125 0.007 0.137 0.006 0.138 0.007
0.50 0.60 0.054 0.007 0.101 0.008 0.116 0.007 0.126 0.006 0.137 0.008
0.60 0.70 0.040 0.008 0.075 0.009 0.106 0.008 0.103 0.010 0.120 0.011
0.70 0.80 0.024 0.006 0.056 0.011 0.094 0.014 0.079 0.012 0.102 0.013
0.75 0.95 0.10 0.15 0.033 0.010 0.043 0.009 0.078 0.010 0.071 0.009 0.076 0.012
0.15 0.20 0.077 0.014 0.097 0.011 0.114 0.012 0.132 0.009 0.131 0.011
0.20 0.25 0.094 0.013 0.120 0.011 0.144 0.010 0.149 0.010 0.130 0.010
0.25 0.30 0.071 0.010 0.107 0.009 0.126 0.008 0.140 0.007 0.140 0.010
0.30 0.35 0.061 0.009 0.096 0.007 0.112 0.008 0.121 0.006 0.120 0.006
0.35 0.40 0.062 0.009 0.087 0.007 0.114 0.006 0.111 0.005 0.106 0.005
0.40 0.45 0.052 0.008 0.077 0.006 0.096 0.005 0.098 0.005 0.101 0.006
0.45 0.50 0.037 0.006 0.066 0.005 0.094 0.005 0.088 0.004 0.098 0.005
0.50 0.60 0.036 0.006 0.058 0.005 0.083 0.005 0.078 0.004 0.087 0.005
0.60 0.70 0.023 0.005 0.045 0.006 0.063 0.008 0.063 0.006 0.065 0.007
0.95 1.15 0.10 0.15 0.040 0.010 0.055 0.010 0.067 0.008 0.069 0.008 0.065 0.010
0.15 0.20 0.070 0.012 0.116 0.015 0.099 0.009 0.131 0.010 0.125 0.011
0.20 0.25 0.048 0.008 0.115 0.010 0.116 0.008 0.131 0.006 0.129 0.007
0.25 0.30 0.052 0.009 0.090 0.008 0.113 0.007 0.120 0.006 0.109 0.008
0.30 0.35 0.077 0.013 0.076 0.007 0.094 0.005 0.099 0.004 0.093 0.005
0.35 0.40 0.054 0.010 0.070 0.006 0.083 0.004 0.082 0.004 0.083 0.005
0.40 0.45 0.033 0.005 0.052 0.005 0.069 0.004 0.071 0.003 0.072 0.004
0.45 0.50 0.028 0.005 0.038 0.004 0.059 0.004 0.060 0.003 0.064 0.004
0.50 0.60 0.017 0.004 0.030 0.003 0.045 0.004 0.045 0.004 0.050 0.004
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 8:9 G eV=c 12 G eV=c
1.15 1.35 0.10 0.15 0.023 0.007 0.075 0.011 0.081 0.008 0.075 0.008 0.080 0.010
0.15 0.20 0.069 0.012 0.107 0.010 0.098 0.008 0.117 0.008 0.124 0.009
0.20 0.25 0.087 0.015 0.086 0.008 0.118 0.008 0.114 0.005 0.118 0.007
0.25 0.30 0.060 0.010 0.070 0.006 0.091 0.006 0.087 0.005 0.088 0.006
0.30 0.35 0.035 0.007 0.049 0.005 0.074 0.005 0.068 0.004 0.070 0.004
0.35 0.40 0.020 0.004 0.040 0.004 0.055 0.004 0.056 0.003 0.051 0.004
0.40 0.45 0.016 0.003 0.035 0.003 0.046 0.003 0.046 0.002 0.041 0.003
0.45 0.50 0.013 0.003 0.032 0.003 0.037 0.003 0.037 0.002 0.033 0.003
1.35 1.55 0.10 0.15 0.045 0.011 0.075 0.011 0.057 0.008 0.086 0.009 0.079 0.010
0.15 0.20 0.049 0.009 0.099 0.010 0.111 0.009 0.103 0.006 0.107 0.008
0.20 0.25 0.074 0.012 0.097 0.009 0.102 0.007 0.101 0.005 0.100 0.007
0.25 0.30 0.041 0.008 0.072 0.008 0.069 0.005 0.075 0.005 0.081 0.007
0.30 0.35 0.027 0.005 0.041 0.006 0.050 0.004 0.053 0.003 0.050 0.003
0.35 0.40 0.016 0.004 0.024 0.003 0.039 0.003 0.036 0.003 0.038 0.003
0.40 0.45 0.012 0.003 0.021 0.003 0.031 0.003 0.028 0.002 0.027 0.003
0.45 0.50 0.009 0.003 0.019 0.003 0.022 0.002 0.020 0.002 0.020 0.002
1.55 1.75 0.10 0.15 0.042 0.010 0.067 0.009 0.068 0.008 0.072 0.009 0.072 0.010
0.15 0.20 0.084 0.014 0.082 0.008 0.088 0.007 0.098 0.006 0.102 0.008
0.20 0.25 0.046 0.010 0.066 0.007 0.078 0.005 0.079 0.005 0.081 0.006
0.25 0.30 0.021 0.006 0.054 0.006 0.050 0.004 0.053 0.004 0.051 0.005
0.30 0.35 0.011 0.003 0.034 0.005 0.044 0.004 0.040 0.003 0.042 0.003
0.35 0.40 0.009 0.003 0.021 0.003 0.034 0.004 0.028 0.002 0.030 0.003
0.40 0.45 0.009 0.003 0.015 0.002 0.020 0.002 0.019 0.002 0.021 0.002
0.45 0.50 0.008 0.003 0.011 0.002 0.014 0.002 0.013 0.001 0.015 0.002
1.75 1.95 0.10 0.15 0.042 0.011 0.064 0.009 0.059 0.008 0.064 0.007 0.058 0.008
0.15 0.20 0.049 0.010 0.067 0.008 0.070 0.006 0.080 0.005 0.090 0.008
0.20 0.25 0.028 0.007 0.060 0.007 0.056 0.004 0.059 0.004 0.058 0.006
0.25 0.30 0.019 0.006 0.035 0.005 0.039 0.004 0.038 0.003 0.044 0.004
0.30 0.35 0.006 0.003 0.022 0.003 0.023 0.003 0.025 0.002 0.029 0.003
0.35 0.40 0.008 0.004 0.017 0.003 0.014 0.002 0.017 0.001 0.021 0.003
0.40 0.45 0.005 0.003 0.008 0.002 0.012 0.001 0.011 0.001 0.012 0.002
0.45 0.50 0.004 0.001 0.008 0.001 0.008 0.001 0.006 0.001
1.95 2.15 0.10 0.15 0.038 0.010 0.047 0.008 0.060 0.006 0.058 0.006 0.053 0.006
0.15 0.20 0.036 0.009 0.053 0.007 0.063 0.005 0.065 0.004 0.066 0.006
0.20 0.25 0.023 0.007 0.052 0.007 0.042 0.004 0.051 0.003 0.045 0.005
0.25 0.30 0.013 0.005 0.023 0.004 0.028 0.004 0.032 0.003 0.023 0.003
0.30 0.35 0.007 0.004 0.020 0.003 0.016 0.002 0.017 0.002 0.019 0.002
0.35 0.40 0.013 0.003 0.011 0.002 0.012 0.001 0.010 0.002
0.40 0.45 0.007 0.002 0.010 0.001 0.008 0.001 0.009 0.001
0.45 0.50 0.004 0.001 0.007 0.001 0.006 0.001 0.007 0.001
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Table 5:HARP resultsforthe double-dierential+ production cross-section in the laboratory system ,
d2
+
=(dpd)foralum inium . Each row refersto a dierent(pm in  p < pm ax;m in   < m ax)bin,
where p and  are the pion m om entum and polar angle,respectively. The centralvalue aswellasthe
square-rootofthe diagonalelem entsofthe covariance m atrix are given. The overallnorm alization has
an uncertainty of2% forBeand Aland 3% forPb,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c 12:9 G eV=c
0.35 0.55 0.15 0.20 0.121 0.027 0.267 0.047 0.321 0.050 0.376 0.062 0.402 0.063
0.20 0.25 0.151 0.026 0.345 0.038 0.485 0.048 0.494 0.044 0.533 0.035
0.25 0.30 0.196 0.028 0.451 0.046 0.517 0.039 0.597 0.056 0.582 0.037
0.30 0.35 0.280 0.042 0.450 0.036 0.625 0.059 0.614 0.043 0.666 0.054
0.35 0.40 0.300 0.030 0.398 0.030 0.645 0.038 0.667 0.055 0.682 0.038
0.40 0.45 0.305 0.029 0.409 0.036 0.643 0.041 0.717 0.048 0.722 0.037
0.45 0.50 0.270 0.025 0.455 0.032 0.675 0.039 0.759 0.051 0.698 0.032
0.50 0.60 0.281 0.027 0.500 0.036 0.626 0.037 0.695 0.046 0.706 0.035
0.60 0.70 0.197 0.032 0.366 0.047 0.621 0.060 0.709 0.074 0.673 0.068
0.70 0.80 0.095 0.024 0.274 0.045 0.492 0.077 0.569 0.087 0.526 0.088
0.55 0.75 0.10 0.15 0.160 0.048 0.227 0.061 0.229 0.053 0.265 0.065 0.253 0.067
0.15 0.20 0.251 0.035 0.367 0.036 0.353 0.036 0.378 0.041 0.417 0.035
0.20 0.25 0.327 0.037 0.427 0.039 0.553 0.050 0.546 0.044 0.592 0.036
0.25 0.30 0.349 0.037 0.420 0.047 0.626 0.051 0.557 0.040 0.612 0.043
0.30 0.35 0.280 0.030 0.449 0.033 0.601 0.032 0.568 0.040 0.620 0.032
0.35 0.40 0.261 0.028 0.376 0.030 0.544 0.030 0.599 0.039 0.648 0.032
0.40 0.45 0.265 0.024 0.383 0.028 0.491 0.028 0.615 0.033 0.604 0.022
0.45 0.50 0.260 0.026 0.371 0.026 0.505 0.028 0.537 0.035 0.551 0.019
0.50 0.60 0.178 0.028 0.297 0.026 0.485 0.032 0.464 0.033 0.474 0.028
0.60 0.70 0.098 0.020 0.193 0.030 0.336 0.048 0.373 0.052 0.368 0.046
0.70 0.80 0.046 0.014 0.123 0.027 0.234 0.043 0.234 0.049 0.250 0.047
0.75 0.95 0.10 0.15 0.195 0.039 0.267 0.049 0.265 0.049 0.217 0.044 0.307 0.053
0.15 0.20 0.369 0.041 0.348 0.034 0.464 0.034 0.439 0.047 0.532 0.034
0.20 0.25 0.346 0.033 0.394 0.030 0.536 0.037 0.538 0.040 0.593 0.037
0.25 0.30 0.375 0.039 0.438 0.042 0.521 0.032 0.569 0.036 0.548 0.026
0.30 0.35 0.244 0.033 0.367 0.028 0.442 0.024 0.451 0.024 0.519 0.021
0.35 0.40 0.190 0.020 0.291 0.021 0.411 0.022 0.399 0.022 0.468 0.017
0.40 0.45 0.176 0.018 0.284 0.022 0.346 0.018 0.375 0.021 0.403 0.014
0.45 0.50 0.141 0.017 0.268 0.020 0.307 0.018 0.347 0.021 0.359 0.016
0.50 0.60 0.091 0.013 0.193 0.023 0.256 0.023 0.272 0.025 0.294 0.024
0.60 0.70 0.055 0.010 0.110 0.022 0.161 0.028 0.179 0.029 0.173 0.028
0.95 1.15 0.10 0.15 0.257 0.043 0.274 0.043 0.264 0.039 0.289 0.052 0.312 0.046
0.15 0.20 0.327 0.034 0.449 0.037 0.489 0.040 0.457 0.038 0.477 0.027
0.20 0.25 0.314 0.031 0.417 0.034 0.513 0.029 0.508 0.034 0.520 0.028
0.25 0.30 0.221 0.026 0.357 0.029 0.396 0.023 0.405 0.025 0.438 0.021
0.30 0.35 0.160 0.024 0.267 0.021 0.337 0.020 0.338 0.020 0.368 0.014
0.35 0.40 0.107 0.013 0.191 0.019 0.293 0.016 0.277 0.017 0.322 0.010
0.40 0.45 0.081 0.010 0.122 0.015 0.231 0.014 0.225 0.015 0.262 0.015
0.45 0.50 0.061 0.011 0.078 0.010 0.184 0.014 0.183 0.015 0.196 0.017
0.50 0.60 0.032 0.007 0.058 0.009 0.126 0.016 0.128 0.016 0.127 0.014
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c 12:9 G eV=c
1.15 1.35 0.10 0.15 0.208 0.031 0.271 0.040 0.308 0.043 0.257 0.038 0.332 0.048
0.15 0.20 0.323 0.037 0.487 0.043 0.422 0.029 0.486 0.048 0.468 0.024
0.20 0.25 0.249 0.027 0.332 0.031 0.390 0.023 0.431 0.029 0.436 0.019
0.25 0.30 0.190 0.023 0.234 0.021 0.337 0.020 0.336 0.027 0.336 0.015
0.30 0.35 0.123 0.019 0.193 0.017 0.258 0.016 0.292 0.021 0.253 0.013
0.35 0.40 0.068 0.010 0.142 0.014 0.186 0.015 0.188 0.019 0.189 0.010
0.40 0.45 0.044 0.008 0.104 0.014 0.138 0.011 0.142 0.013 0.133 0.008
0.45 0.50 0.030 0.007 0.067 0.011 0.097 0.011 0.095 0.013 0.102 0.009
1.35 1.55 0.10 0.15 0.195 0.034 0.269 0.038 0.353 0.045 0.351 0.053 0.343 0.048
0.15 0.20 0.357 0.041 0.343 0.032 0.416 0.027 0.390 0.028 0.427 0.023
0.20 0.25 0.231 0.039 0.266 0.023 0.303 0.020 0.298 0.022 0.357 0.015
0.25 0.30 0.121 0.016 0.174 0.016 0.215 0.015 0.243 0.018 0.246 0.014
0.30 0.35 0.077 0.013 0.163 0.016 0.174 0.013 0.169 0.014 0.175 0.010
0.35 0.40 0.052 0.009 0.096 0.014 0.119 0.011 0.134 0.013 0.128 0.008
0.40 0.45 0.034 0.007 0.057 0.009 0.073 0.008 0.088 0.010 0.087 0.009
0.45 0.50 0.021 0.005 0.036 0.007 0.045 0.008 0.060 0.010 0.055 0.008
1.55 1.75 0.10 0.15 0.224 0.037 0.278 0.044 0.288 0.036 0.267 0.044 0.324 0.041
0.15 0.20 0.272 0.030 0.399 0.033 0.331 0.021 0.384 0.030 0.382 0.020
0.20 0.25 0.159 0.020 0.233 0.023 0.221 0.016 0.280 0.028 0.268 0.014
0.25 0.30 0.130 0.019 0.118 0.015 0.159 0.012 0.169 0.017 0.165 0.010
0.30 0.35 0.044 0.012 0.094 0.012 0.111 0.010 0.095 0.012 0.112 0.006
0.35 0.40 0.022 0.006 0.061 0.009 0.070 0.007 0.063 0.006 0.081 0.007
0.40 0.45 0.014 0.005 0.035 0.007 0.047 0.006 0.051 0.007 0.049 0.006
0.45 0.50 0.007 0.003 0.018 0.005 0.027 0.005 0.034 0.007 0.029 0.004
1.75 1.95 0.10 0.15 0.263 0.038 0.222 0.031 0.279 0.034 0.297 0.038 0.293 0.034
0.15 0.20 0.232 0.026 0.284 0.027 0.329 0.028 0.299 0.024 0.309 0.014
0.20 0.25 0.128 0.020 0.216 0.022 0.204 0.020 0.175 0.018 0.197 0.009
0.25 0.30 0.081 0.013 0.090 0.016 0.125 0.011 0.111 0.012 0.117 0.009
0.30 0.35 0.052 0.013 0.051 0.008 0.064 0.009 0.067 0.009 0.076 0.005
0.35 0.40 0.015 0.007 0.040 0.007 0.035 0.004 0.049 0.007 0.051 0.005
0.40 0.45 0.004 0.003 0.025 0.006 0.025 0.004 0.032 0.007 0.030 0.004
0.45 0.50 0.002 0.002 0.014 0.005 0.013 0.003 0.016 0.005 0.016 0.003
1.95 2.15 0.10 0.15 0.203 0.029 0.193 0.027 0.249 0.033 0.202 0.031 0.218 0.029
0.15 0.20 0.179 0.024 0.248 0.028 0.255 0.018 0.242 0.021 0.254 0.012
0.20 0.25 0.079 0.019 0.161 0.028 0.132 0.017 0.124 0.015 0.147 0.011
0.25 0.30 0.048 0.011 0.046 0.008 0.066 0.007 0.058 0.009 0.077 0.006
0.30 0.35 0.018 0.008 0.033 0.007 0.043 0.006 0.036 0.006 0.045 0.004
0.35 0.40 0.007 0.003 0.022 0.006 0.022 0.004 0.029 0.006 0.031 0.003
0.40 0.45 0.004 0.003 0.007 0.003 0.015 0.003 0.013 0.004 0.016 0.003
0.45 0.50 0.002 0.002 0.003 0.002 0.006 0.002 0.007 0.002 0.009 0.002
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Table 6:HARP resultsforthe double-dierential  production cross-section in the laboratory system ,
d2
+
=(dpd)foralum inium . Each row refersto a dierent(pm in  p < pm ax;m in   < m ax)bin,
where p and  are the pion m om entum and polar angle,respectively. The centralvalue aswellasthe
square-rootofthe diagonalelem entsofthe covariance m atrix are given. The overallnorm alization has
an uncertainty of2% ,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c 12:9 G eV=c
0.35 0.55 0.15 0.20 0.107 0.029 0.231 0.046 0.356 0.056 0.321 0.055 0.378 0.062
0.20 0.25 0.099 0.022 0.249 0.031 0.371 0.035 0.410 0.044 0.498 0.036
0.25 0.30 0.106 0.025 0.300 0.034 0.455 0.030 0.485 0.037 0.537 0.028
0.30 0.35 0.180 0.026 0.313 0.030 0.355 0.023 0.454 0.037 0.510 0.019
0.35 0.40 0.164 0.022 0.250 0.024 0.383 0.035 0.478 0.035 0.459 0.020
0.40 0.45 0.114 0.015 0.230 0.024 0.432 0.032 0.442 0.027 0.468 0.022
0.45 0.50 0.127 0.019 0.279 0.028 0.422 0.024 0.415 0.028 0.453 0.020
0.50 0.60 0.137 0.018 0.261 0.023 0.367 0.023 0.411 0.028 0.469 0.025
0.60 0.70 0.088 0.017 0.193 0.030 0.350 0.028 0.401 0.034 0.459 0.037
0.70 0.80 0.060 0.014 0.135 0.020 0.333 0.041 0.406 0.046 0.395 0.049
0.55 0.75 0.10 0.15 0.083 0.030 0.123 0.047 0.232 0.062 0.246 0.071 0.257 0.066
0.15 0.20 0.117 0.023 0.286 0.032 0.368 0.034 0.376 0.035 0.408 0.028
0.20 0.25 0.188 0.028 0.233 0.028 0.424 0.027 0.396 0.032 0.440 0.023
0.25 0.30 0.142 0.020 0.285 0.029 0.406 0.031 0.389 0.030 0.428 0.020
0.30 0.35 0.133 0.020 0.263 0.023 0.355 0.021 0.454 0.037 0.428 0.022
0.35 0.40 0.150 0.020 0.214 0.019 0.366 0.026 0.336 0.018 0.427 0.019
0.40 0.45 0.139 0.017 0.225 0.023 0.341 0.018 0.368 0.027 0.403 0.014
0.45 0.50 0.123 0.015 0.238 0.020 0.323 0.019 0.384 0.024 0.379 0.013
0.50 0.60 0.104 0.014 0.212 0.018 0.281 0.019 0.338 0.024 0.350 0.017
0.60 0.70 0.081 0.014 0.155 0.022 0.250 0.022 0.282 0.029 0.301 0.026
0.70 0.80 0.052 0.013 0.110 0.020 0.218 0.029 0.254 0.031 0.242 0.035
0.75 0.95 0.10 0.15 0.100 0.030 0.176 0.035 0.224 0.041 0.258 0.052 0.278 0.048
0.15 0.20 0.198 0.028 0.319 0.032 0.356 0.026 0.418 0.032 0.439 0.022
0.20 0.25 0.141 0.022 0.283 0.027 0.360 0.026 0.374 0.030 0.391 0.022
0.25 0.30 0.145 0.020 0.272 0.025 0.348 0.026 0.393 0.031 0.392 0.018
0.30 0.35 0.138 0.018 0.230 0.020 0.323 0.019 0.348 0.022 0.374 0.020
0.35 0.40 0.139 0.017 0.210 0.018 0.293 0.017 0.283 0.017 0.339 0.012
0.40 0.45 0.117 0.015 0.209 0.018 0.258 0.015 0.269 0.016 0.281 0.009
0.45 0.50 0.080 0.012 0.169 0.017 0.233 0.013 0.245 0.015 0.251 0.010
0.50 0.60 0.054 0.011 0.115 0.013 0.203 0.013 0.230 0.017 0.211 0.012
0.60 0.70 0.028 0.007 0.079 0.012 0.156 0.017 0.178 0.019 0.174 0.018
0.95 1.15 0.10 0.15 0.174 0.031 0.213 0.032 0.222 0.031 0.215 0.037 0.293 0.036
0.15 0.20 0.216 0.027 0.259 0.029 0.326 0.026 0.338 0.030 0.400 0.023
0.20 0.25 0.197 0.027 0.280 0.025 0.355 0.024 0.354 0.027 0.371 0.019
0.25 0.30 0.177 0.021 0.201 0.019 0.288 0.017 0.331 0.025 0.345 0.014
0.30 0.35 0.137 0.018 0.172 0.018 0.231 0.014 0.263 0.020 0.269 0.010
0.35 0.40 0.087 0.014 0.118 0.011 0.189 0.012 0.201 0.013 0.232 0.008
0.40 0.45 0.065 0.010 0.118 0.013 0.153 0.010 0.192 0.013 0.191 0.007
0.45 0.50 0.050 0.009 0.096 0.009 0.139 0.009 0.158 0.012 0.165 0.006
0.50 0.60 0.028 0.006 0.074 0.008 0.115 0.009 0.126 0.011 0.132 0.008
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c 12:9 G eV=c
1.15 1.35 0.10 0.15 0.116 0.023 0.127 0.021 0.240 0.032 0.249 0.045 0.302 0.032
0.15 0.20 0.159 0.023 0.242 0.033 0.338 0.024 0.371 0.028 0.370 0.023
0.20 0.25 0.166 0.022 0.271 0.026 0.300 0.020 0.308 0.023 0.323 0.012
0.25 0.30 0.137 0.019 0.165 0.016 0.253 0.017 0.271 0.020 0.269 0.010
0.30 0.35 0.082 0.016 0.161 0.016 0.168 0.015 0.202 0.017 0.210 0.009
0.35 0.40 0.047 0.009 0.110 0.012 0.128 0.009 0.136 0.011 0.160 0.006
0.40 0.45 0.038 0.007 0.086 0.009 0.108 0.007 0.111 0.010 0.126 0.006
0.45 0.50 0.031 0.006 0.071 0.008 0.091 0.007 0.088 0.008 0.096 0.007
1.35 1.55 0.10 0.15 0.144 0.028 0.208 0.029 0.257 0.027 0.257 0.034 0.291 0.033
0.15 0.20 0.193 0.025 0.226 0.024 0.279 0.020 0.269 0.024 0.329 0.016
0.20 0.25 0.126 0.019 0.165 0.019 0.252 0.017 0.266 0.024 0.276 0.012
0.25 0.30 0.069 0.011 0.104 0.012 0.187 0.015 0.223 0.019 0.212 0.011
0.30 0.35 0.078 0.014 0.101 0.012 0.141 0.010 0.148 0.013 0.156 0.008
0.35 0.40 0.041 0.009 0.086 0.010 0.111 0.008 0.108 0.010 0.116 0.006
0.40 0.45 0.023 0.007 0.062 0.008 0.090 0.008 0.085 0.008 0.084 0.006
0.45 0.50 0.015 0.005 0.041 0.008 0.066 0.008 0.066 0.007 0.063 0.005
1.55 1.75 0.10 0.15 0.141 0.028 0.239 0.032 0.234 0.034 0.280 0.038 0.274 0.029
0.15 0.20 0.170 0.023 0.231 0.023 0.257 0.018 0.274 0.023 0.280 0.015
0.20 0.25 0.120 0.020 0.177 0.020 0.184 0.013 0.233 0.021 0.220 0.010
0.25 0.30 0.057 0.011 0.092 0.016 0.150 0.012 0.148 0.018 0.159 0.009
0.30 0.35 0.034 0.008 0.058 0.008 0.094 0.012 0.085 0.011 0.103 0.008
0.35 0.40 0.017 0.005 0.055 0.008 0.052 0.006 0.057 0.006 0.076 0.004
0.40 0.45 0.012 0.004 0.043 0.007 0.040 0.004 0.043 0.005 0.057 0.004
0.45 0.50 0.008 0.003 0.028 0.006 0.033 0.003 0.041 0.005 0.039 0.004
1.75 1.95 0.10 0.15 0.123 0.023 0.174 0.023 0.218 0.023 0.223 0.028 0.236 0.026
0.15 0.20 0.154 0.023 0.206 0.022 0.234 0.017 0.229 0.020 0.235 0.011
0.20 0.25 0.091 0.016 0.123 0.016 0.166 0.013 0.149 0.016 0.171 0.007
0.25 0.30 0.042 0.009 0.088 0.012 0.113 0.011 0.093 0.010 0.115 0.006
0.30 0.35 0.032 0.009 0.054 0.009 0.069 0.007 0.088 0.010 0.077 0.005
0.35 0.40 0.020 0.006 0.041 0.007 0.048 0.006 0.061 0.009 0.056 0.003
0.40 0.45 0.013 0.005 0.023 0.005 0.036 0.004 0.034 0.006 0.040 0.004
0.45 0.50 0.009 0.004 0.016 0.004 0.026 0.003 0.024 0.004 0.026 0.003
1.95 2.15 0.10 0.15 0.096 0.019 0.097 0.016 0.176 0.019 0.128 0.022 0.206 0.021
0.15 0.20 0.086 0.016 0.172 0.021 0.178 0.015 0.211 0.021 0.181 0.010
0.20 0.25 0.040 0.009 0.088 0.016 0.138 0.012 0.117 0.014 0.132 0.007
0.25 0.30 0.036 0.010 0.046 0.008 0.061 0.010 0.070 0.009 0.078 0.005
0.30 0.35 0.021 0.007 0.048 0.009 0.040 0.005 0.055 0.008 0.051 0.003
0.35 0.40 0.016 0.006 0.030 0.007 0.039 0.005 0.034 0.006 0.037 0.003
0.40 0.45 0.010 0.005 0.013 0.005 0.032 0.005 0.019 0.005 0.027 0.002
0.45 0.50 0.005 0.003 0.006 0.003 0.017 0.004 0.012 0.003 0.019 0.002
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Table 7:HARP resultsforthe double-dierential+ production cross-section in the laboratory system ,
d2
+
=(dpd)forlead.Each row refersto a dierent(pm in  p < pm ax;m in   < m ax)bin,where p
and  arethepion m om entum and polarangle,respectively.Thecentralvalueaswellasthesquare-root
ofthediagonalelem entsofthecovariancem atrix aregiven.Theoverallnorm alization hasan uncertainty
of3% ,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c
0.35 0.55 0.15 0.20 0.34 0.12 0.80 0.21 1.14 0.32 1.49 0.40
0.20 0.25 0.29 0.09 0.95 0.16 1.86 0.24 1.80 0.26
0.25 0.30 0.48 0.11 1.26 0.13 2.09 0.14 2.42 0.26
0.30 0.35 0.75 0.11 1.25 0.11 1.99 0.15 2.75 0.26
0.35 0.40 0.56 0.08 1.31 0.13 2.19 0.16 2.69 0.17
0.40 0.45 0.53 0.07 1.43 0.11 2.21 0.13 2.33 0.14
0.45 0.50 0.56 0.10 1.29 0.09 2.04 0.11 2.32 0.16
0.50 0.60 0.45 0.07 1.22 0.09 2.07 0.13 2.22 0.16
0.60 0.70 0.22 0.05 0.84 0.12 1.73 0.20 2.03 0.21
0.70 0.80 0.12 0.03 0.52 0.09 1.09 0.19 1.52 0.22
0.55 0.75 0.10 0.15 0.21 0.11 0.66 0.24 0.93 0.35 0.91 0.41
0.15 0.20 0.47 0.11 1.25 0.17 1.81 0.21 2.14 0.30
0.20 0.25 0.70 0.12 1.23 0.13 2.11 0.18 3.03 0.24
0.25 0.30 0.88 0.12 1.37 0.13 2.26 0.15 2.89 0.19
0.30 0.35 0.53 0.07 1.12 0.09 2.09 0.15 2.62 0.16
0.35 0.40 0.55 0.07 0.95 0.09 2.09 0.14 2.68 0.22
0.40 0.45 0.58 0.07 1.03 0.10 1.86 0.10 2.69 0.15
0.45 0.50 0.54 0.08 1.02 0.07 1.63 0.09 2.38 0.13
0.50 0.60 0.27 0.06 0.74 0.08 1.30 0.09 1.78 0.16
0.60 0.70 0.16 0.03 0.42 0.06 0.89 0.11 1.21 0.14
0.70 0.80 0.11 0.03 0.28 0.06 0.56 0.11 0.80 0.14
0.75 0.95 0.10 0.15 0.44 0.13 0.90 0.22 1.21 0.31 1.27 0.35
0.15 0.20 0.77 0.11 1.55 0.14 2.16 0.15 2.54 0.21
0.20 0.25 0.86 0.10 1.37 0.13 2.27 0.14 2.93 0.24
0.25 0.30 0.70 0.09 1.22 0.13 2.02 0.13 2.75 0.18
0.30 0.35 0.54 0.07 1.05 0.08 1.85 0.12 2.22 0.15
0.35 0.40 0.40 0.05 0.96 0.07 1.60 0.10 2.09 0.13
0.40 0.45 0.41 0.06 0.80 0.06 1.39 0.08 1.81 0.11
0.45 0.50 0.32 0.05 0.67 0.05 1.22 0.07 1.52 0.09
0.50 0.60 0.18 0.03 0.44 0.05 0.83 0.08 1.04 0.10
0.60 0.70 0.08 0.02 0.25 0.04 0.46 0.07 0.63 0.08
0.95 1.15 0.10 0.15 0.73 0.18 1.01 0.20 1.47 0.26 1.52 0.32
0.15 0.20 0.82 0.09 1.64 0.12 2.19 0.15 2.60 0.21
0.20 0.25 0.71 0.10 1.37 0.10 1.97 0.12 2.82 0.19
0.25 0.30 0.73 0.09 1.10 0.10 1.60 0.11 2.13 0.16
0.30 0.35 0.41 0.07 0.80 0.08 1.31 0.10 1.73 0.12
0.35 0.40 0.29 0.05 0.66 0.06 1.11 0.06 1.64 0.11
0.40 0.45 0.29 0.05 0.61 0.05 0.88 0.05 1.23 0.10
0.45 0.50 0.20 0.04 0.48 0.05 0.66 0.04 0.86 0.08
0.50 0.60 0.12 0.02 0.23 0.04 0.46 0.04 0.53 0.07
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c
1.15 1.35 0.10 0.15 0.79 0.18 1.17 0.23 1.82 0.30 1.76 0.34
0.15 0.20 0.93 0.10 1.51 0.11 2.30 0.14 2.53 0.22
0.20 0.25 0.65 0.08 1.21 0.09 1.86 0.11 2.64 0.20
0.25 0.30 0.51 0.07 0.91 0.08 1.41 0.10 1.84 0.17
0.30 0.35 0.33 0.05 0.59 0.06 0.94 0.08 1.17 0.09
0.35 0.40 0.23 0.04 0.38 0.04 0.74 0.05 0.93 0.07
0.40 0.45 0.17 0.03 0.29 0.03 0.55 0.04 0.72 0.07
0.45 0.50 0.11 0.03 0.21 0.03 0.37 0.04 0.45 0.06
1.35 1.55 0.10 0.15 0.85 0.17 1.44 0.29 1.84 0.39 2.03 0.41
0.15 0.20 0.94 0.10 1.41 0.12 2.21 0.15 2.50 0.19
0.20 0.25 0.71 0.08 0.96 0.08 1.57 0.11 1.84 0.14
0.25 0.30 0.38 0.06 0.64 0.06 1.04 0.08 1.48 0.12
0.30 0.35 0.22 0.04 0.43 0.04 0.74 0.05 0.87 0.08
0.35 0.40 0.11 0.03 0.35 0.04 0.53 0.04 0.63 0.06
0.40 0.45 0.04 0.01 0.23 0.03 0.38 0.03 0.46 0.05
0.45 0.50 0.04 0.01 0.15 0.02 0.22 0.03 0.28 0.04
1.55 1.75 0.10 0.15 0.66 0.15 1.37 0.23 1.54 0.30 2.03 0.40
0.15 0.20 0.70 0.09 1.40 0.11 1.93 0.13 2.27 0.18
0.20 0.25 0.53 0.07 0.99 0.07 1.34 0.09 1.42 0.11
0.25 0.30 0.26 0.06 0.58 0.06 0.87 0.06 0.95 0.08
0.30 0.35 0.13 0.03 0.41 0.04 0.53 0.04 0.66 0.06
0.35 0.40 0.10 0.03 0.26 0.03 0.36 0.03 0.47 0.05
0.40 0.45 0.06 0.02 0.16 0.03 0.25 0.02 0.31 0.04
0.45 0.50 0.04 0.01 0.09 0.02 0.15 0.02 0.17 0.03
1.75 1.95 0.10 0.15 0.64 0.14 1.03 0.19 1.31 0.20 1.72 0.29
0.15 0.20 0.66 0.07 1.14 0.09 1.64 0.09 1.85 0.13
0.20 0.25 0.36 0.05 0.74 0.06 1.02 0.07 1.10 0.10
0.25 0.30 0.18 0.04 0.34 0.05 0.63 0.05 0.56 0.06
0.30 0.35 0.08 0.02 0.17 0.03 0.34 0.04 0.36 0.05
0.35 0.40 0.07 0.02 0.10 0.02 0.22 0.03 0.18 0.03
0.40 0.45 0.05 0.02 0.06 0.01 0.14 0.02 0.10 0.02
0.45 0.50 0.02 0.01 0.03 0.01 0.07 0.02 0.07 0.01
1.95 2.15 0.10 0.15 0.79 0.15 0.83 0.14 1.14 0.18 1.46 0.23
0.15 0.20 0.65 0.09 0.89 0.08 1.17 0.06 1.36 0.11
0.20 0.25 0.36 0.07 0.51 0.05 0.75 0.05 1.04 0.10
0.25 0.30 0.15 0.05 0.28 0.05 0.45 0.05 0.40 0.07
0.30 0.35 0.05 0.02 0.14 0.03 0.20 0.03 0.19 0.03
0.35 0.40 0.03 0.02 0.09 0.02 0.09 0.01 0.13 0.02
0.40 0.45 0.02 0.01 0.04 0.01 0.06 0.01 0.09 0.02
0.45 0.50 0.01 0.01 0.02 0.01 0.04 0.01 0.07 0.02
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Table 8:HARP resultsforthe double-dierential  production cross-section in the laboratory system ,
d2
 
=(dpd)forlead.Each row refersto a dierent(pm in  p < pm ax;m in   < m ax)bin,wherep
and  arethepion m om entum and polarangle,respectively.Thecentralvalueaswellasthesquare-root
ofthediagonalelem entsofthecovariancem atrix aregiven.Theoverallnorm alization hasan uncertainty
of3% ,and isnotreported in the table.






(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c
0.35 0.55 0.15 0.20 0.17 0.09 0.58 0.22 1.59 0.36 1.92 0.47
0.20 0.25 0.33 0.11 0.89 0.18 2.00 0.27 2.66 0.31
0.25 0.30 0.25 0.06 0.98 0.12 2.07 0.14 2.54 0.24
0.30 0.35 0.49 0.11 0.96 0.11 1.99 0.13 2.30 0.16
0.35 0.40 0.37 0.08 0.88 0.09 1.63 0.09 2.09 0.12
0.40 0.45 0.30 0.06 0.92 0.07 1.63 0.08 2.04 0.13
0.45 0.50 0.31 0.06 0.79 0.06 1.48 0.07 1.89 0.13
0.50 0.60 0.34 0.06 0.78 0.06 1.38 0.08 1.50 0.14
0.60 0.70 0.21 0.05 0.64 0.07 1.37 0.10 1.32 0.12
0.70 0.80 0.11 0.04 0.45 0.08 1.06 0.15 1.46 0.15
0.55 0.75 0.10 0.15 0.34 0.18 1.03 0.37 1.24 0.44 1.70 0.49
0.15 0.20 0.40 0.10 1.30 0.17 2.09 0.22 2.30 0.29
0.20 0.25 0.43 0.09 1.21 0.12 2.18 0.16 2.45 0.17
0.25 0.30 0.54 0.09 1.29 0.11 2.19 0.14 2.20 0.19
0.30 0.35 0.53 0.09 1.01 0.08 1.88 0.11 2.29 0.14
0.35 0.40 0.40 0.08 0.93 0.08 1.51 0.08 1.91 0.13
0.40 0.45 0.31 0.05 0.89 0.07 1.38 0.07 1.79 0.11
0.45 0.50 0.37 0.06 0.70 0.06 1.26 0.07 1.59 0.10
0.50 0.60 0.27 0.05 0.62 0.05 1.20 0.06 1.35 0.09
0.60 0.70 0.16 0.04 0.55 0.05 0.95 0.09 1.19 0.11
0.70 0.80 0.09 0.03 0.41 0.07 0.70 0.09 0.95 0.12
0.75 0.95 0.10 0.15 0.52 0.16 1.12 0.26 1.71 0.38 1.95 0.43
0.15 0.20 0.73 0.10 1.47 0.15 2.28 0.17 2.74 0.23
0.20 0.25 0.61 0.10 1.17 0.10 2.04 0.12 2.78 0.17
0.25 0.30 0.60 0.09 1.04 0.09 1.88 0.11 2.25 0.16
0.30 0.35 0.45 0.07 0.94 0.07 1.54 0.08 2.29 0.14
0.35 0.40 0.29 0.05 0.76 0.07 1.26 0.06 1.67 0.12
0.40 0.45 0.19 0.04 0.53 0.05 1.11 0.06 1.43 0.09
0.45 0.50 0.18 0.04 0.44 0.04 0.95 0.05 1.25 0.08
0.50 0.60 0.19 0.04 0.45 0.04 0.78 0.04 0.99 0.08
0.60 0.70 0.10 0.03 0.36 0.04 0.61 0.06 0.67 0.09
0.95 1.15 0.10 0.15 0.44 0.10 1.28 0.24 2.17 0.36 2.58 0.45
0.15 0.20 0.77 0.11 1.53 0.13 2.30 0.16 2.93 0.19
0.20 0.25 0.47 0.07 1.13 0.08 1.85 0.11 2.59 0.19
0.25 0.30 0.40 0.06 0.99 0.08 1.50 0.10 2.19 0.15
0.30 0.35 0.39 0.06 0.85 0.07 1.15 0.07 1.77 0.12
0.35 0.40 0.30 0.05 0.61 0.06 0.99 0.06 1.44 0.09
0.40 0.45 0.28 0.05 0.42 0.04 0.80 0.05 1.11 0.08
0.45 0.50 0.18 0.04 0.34 0.03 0.69 0.04 0.82 0.06
0.50 0.60 0.08 0.03 0.26 0.03 0.52 0.04 0.65 0.05
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(rad) (rad) (G eV=c) (G eV=c) (barn/(G eV=c rad))
3 G eV=c 5 G eV=c 8 G eV=c 12 G eV=c
1.15 1.35 0.10 0.15 0.43 0.10 1.45 0.26 2.40 0.37 3.22 0.57
0.15 0.20 0.65 0.09 1.56 0.10 2.19 0.14 3.14 0.21
0.20 0.25 0.37 0.06 0.99 0.08 1.70 0.11 2.32 0.16
0.25 0.30 0.25 0.04 0.83 0.07 1.23 0.08 1.74 0.14
0.30 0.35 0.16 0.03 0.63 0.06 0.92 0.07 1.16 0.09
0.35 0.40 0.13 0.03 0.42 0.04 0.75 0.05 0.90 0.06
0.40 0.45 0.11 0.03 0.35 0.03 0.59 0.04 0.71 0.06
0.45 0.50 0.09 0.02 0.26 0.03 0.46 0.03 0.52 0.05
1.35 1.55 0.10 0.15 0.60 0.13 1.39 0.26 2.34 0.45 3.46 0.64
0.15 0.20 0.70 0.08 1.29 0.11 2.06 0.13 2.89 0.20
0.20 0.25 0.41 0.06 0.84 0.08 1.60 0.10 1.78 0.13
0.25 0.30 0.34 0.06 0.55 0.06 1.04 0.07 1.28 0.09
0.30 0.35 0.24 0.05 0.41 0.04 0.69 0.05 0.89 0.08
0.35 0.40 0.16 0.03 0.32 0.03 0.52 0.03 0.66 0.05
0.40 0.45 0.08 0.02 0.27 0.03 0.41 0.03 0.47 0.05
0.45 0.50 0.06 0.02 0.20 0.03 0.29 0.03 0.31 0.04
1.55 1.75 0.10 0.15 0.73 0.16 1.17 0.25 2.09 0.40 3.05 0.58
0.15 0.20 0.65 0.08 1.20 0.10 1.76 0.12 2.45 0.16
0.20 0.25 0.39 0.06 0.73 0.06 1.29 0.08 1.30 0.11
0.25 0.30 0.22 0.05 0.43 0.05 0.82 0.07 0.86 0.07
0.30 0.35 0.16 0.04 0.34 0.04 0.48 0.05 0.69 0.06
0.35 0.40 0.10 0.03 0.26 0.03 0.35 0.03 0.49 0.04
0.40 0.45 0.07 0.02 0.16 0.02 0.26 0.02 0.38 0.04
0.45 0.50 0.04 0.02 0.10 0.02 0.19 0.02 0.26 0.03
1.75 1.95 0.10 0.15 0.72 0.15 1.13 0.20 1.78 0.25 2.36 0.44
0.15 0.20 0.52 0.07 1.09 0.09 1.44 0.07 1.84 0.12
0.20 0.25 0.32 0.06 0.65 0.06 0.92 0.06 1.10 0.10
0.25 0.30 0.11 0.03 0.36 0.04 0.56 0.05 0.58 0.05
0.30 0.35 0.11 0.03 0.25 0.03 0.30 0.03 0.41 0.05
0.35 0.40 0.09 0.03 0.15 0.03 0.23 0.02 0.31 0.03
0.40 0.45 0.07 0.03 0.11 0.02 0.20 0.02 0.30 0.04
0.45 0.50 0.04 0.02 0.09 0.02 0.14 0.02 0.21 0.04
1.95 2.15 0.10 0.15 0.69 0.14 1.08 0.20 1.52 0.20 1.84 0.31
0.15 0.20 0.43 0.07 0.84 0.07 1.11 0.06 1.35 0.10
0.20 0.25 0.23 0.05 0.40 0.06 0.68 0.05 0.90 0.10
0.25 0.30 0.08 0.03 0.21 0.03 0.42 0.04 0.51 0.06
0.30 0.35 0.05 0.02 0.11 0.03 0.24 0.03 0.34 0.06
0.35 0.40 0.03 0.02 0.07 0.01 0.17 0.02 0.19 0.03
0.40 0.45 0.02 0.02 0.08 0.02 0.12 0.02 0.14 0.03
0.45 0.50 0.02 0.02 0.08 0.02 0.08 0.01 0.09 0.02
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